Abstract: Effective utilization of scarce water resources has presented a significant challenge to respond to the needs created by rapid economic growth in China. In this study, the efficiency of the joint operation of the Three Gorges and Gezhouba cascade hydropower plants in terms of power generation was evaluated on the basis of a precise simulation-optimization technique. The joint operation conditions of the Three Gorges and Gezhouba hydropower plants between 2004 and 2010 were utilized in this research in order to investigate the major factors that could affect power output of the cascade complex. The results showed that the current power output of the Three Gorges and Gezhouba cascade complex had already reached around 90% of the maximum theoretical value. Compared to other influencing factors evaluated in this study, the accuracy of hydrological forecasts and flood control levels can have significant impact on the power generating efficiency, whereas the navigation has a minor influence. This research provides a solid quantitative-based methodology to assess the operation efficiency of cascade hydropower plants, and more importantly, proposes potential methods that could improve the operation efficiency of cascade hydropower plants.
Introduction
Reservoir operation is one of the most complicated issues in water resource management as many reservoirs have multiple functions such as flood control, power generation, navigation, water supply, sediment control, recreation, etc [1, 2] . Various reservoir operation models have been proposed such as the long-term and short-term optimization models [3, 4] . However, very few of these models have built-in functions for conducting post-evaluation based on actual operation data.
Indeed, evaluation of the benefits of the joint operation of cascade hydropower plants is a challenge due to its complex nature. For instance, there are potentially conflicting interests during the reservoir joint operation such as structural safety, flood control, water supply, recreation, and ecology [5] .
There have been some studies that focus on the optimization of the joint operation in the Three Gorges and Gezhouba cascade complex [6] . However, there is general lack of systematic post-evaluation and integrated assessment data.
Cao and Cai [7] proposed a method to simulate and optimize the power generation process as per actual inflow, in which constraints in operation rules were decided through the establishment of a cascade operation model. The theoretical maximum power output and the actual power output were established under conditions similar to the actual operation conditions. This method provides an approach to assess actual operation efficiency which reflects the variation between actual operation and theoretical optimum operation. However this model did not consider the impact of uncertain factors such as hydrographical conditions.
A new concept, "Potential Hydropower Output" is proposed in this study to address the methodological issues associated with the prior studies on joint operation of cascade hydropower complexes. Potential Hydropower Output is defined as the difference between the maximum power output from simulation and the actual power output during the same period. The first hand operation data of the Three Gorges and Gezhouba cascade complex were utilized for testing the proposed evaluation methodology. Studying the Three Gorges and the Gezhouba cascade complex as one of the largest cascade hydropower complexes is of a great value to the research in reservoir operation as it plays a prominent role in the Yangtze River Basin and surrounding economic zones. The findings provide a useful reference to the operation management of large scale river basins.
The Three Gorges and Gezhouba Cascade Complex
The Three Gorges and Gezhouba Cascade Complex is the first cascade hydropower complex on the mainstream of the Yangtze River [8] . The location of the complex is shown in Figure 1 . The Yangtze River is the longest river in Asia and the third longest in the world, with a total length of more than 6,300 km. It contains a massive hydropower potential, of which 53.4% can be developed. The Three Gorges cascade hydropower complex, which consists of the Three Gorges Hydropower Plant and the Gezhouba Hydropower Plant, is located near Yichang City in Hubei Province. The total installed capacity of the complex is 25,215 MW, with an average annual output of around 103.9 TWh.
The Three Gorges Hydropower Plant (TGHP) consists of 32 generating units, each with a capacity of 700 MW. In addition, two 50 MW units are installed in the power station as dedicated power supply for the plant. The total installed capacity of these generating units adds up to 22,500 MW. As a result, TGHP is capable of producing an annual average output of 88.2 TWh; making it the largest hydropower The Gezhouba hydropower complex, located downstream of TGHP, acts as the counter regulation reservoir for the Three Gorges hydropower complex. A natural hydraulic connection exists between the Three Gorges and the Gezhouba cascade reservoirs. The Gezhouba hydropower plant is located 38 km downstream at the lower end of the TGHP in the suburbs of Yichang City. The hydropower plant has 21 generating units installed in the power plants on both right bank and left bank, with a total installed capacity of 2,715 MW and an annual output of 15.7 TWh. The main functions of the cascade complex are flood control, power generation and navigation improvement. Major parameters of the cascade complex are shown in Table 1 . 
Methodology for the Evaluation of Power Generation Benefits
The objective of optimizing the joint operation of the Three Gorges and Gezhouba cascade hydropower plants is to maximize power generation benefits. Therefore, it is imperative to undertake post-evaluation which is essentially a process of summarizing, analyzing and assessing operation efficiency when actual operation rules have been executed so that operation outcomes become available. Post-evaluation has two main aims, i.e.: (1) to explore the potential increase of power output by comparing the actual joint operation and theoretical optimization operation; (2) to model effects of major influencing factors during the optimization process. Accordingly, post evaluation can be divided into two components, i.e., integrated evaluation and sensitivity analysis.
As the factors affecting power generation benefits can be expressed as boundary constraints of joint operation models, sensitivity analysis of influencing factors will be conducted by introducing variations to the corresponding boundary constraints [9] .
Integrated Evaluation Model
The aim of the integrated evaluation of the joint operation of the Three Gorges and Gezhouba Cascade hydropower plants is to calculate the potential power generation benefits under certain conditions.
Potential Hydropower Output
Potential Hydropower Output is defined as the difference between actual power output and theoretical power output. All hydropower plants are under conditions such that they satisfy the required water demand and initial power demand [10] . Therefore, the evaluation objective is to obtain the difference between the maximum power output from the cascade hydropower complex and actual power output during the same period. The objective function can be described as below:
where T is time horizon; N is the total number of hydropower plants in the cascade plants; i is index for the number of plants; ∆t is time interval (hours); t is the index for the current period; P is power output during the tth period (kW); η , is the hydropower generation efficiency of the ith plant during the tth period; Q , ′ is the discharge through the plant turbines of the ith plant during the tth period (m 3 /s); H , is the difference between reservoir water level and tail-race water level for the ith plant during the tth period (m); E is sum of the hydropower generation of the cascade plants (kWh); E is the actual hydropower output of the cascade plants during the entire period (kWh); E is the potential hydropower output of cascade plants during the entire period (kWh).
Potential Increasing Percentage of Power Output
A relative index is proposed, which is the potential increasing percentage of power output with the definition given below:
where δ is potential increasing percentage of power output. This is subject to a number of constraints such as water balance equation, reservoir water level limits, comprehensive utilization of water required at downstream reservoir limits, power generation limits, and boundary conditions limits [7] . Apart from these constraints, we considered the navigation water level limits as one of constraints as well, due to the fact that navigation is one of critical functions provided by cascade hydropower complex [11] .
(1) Water balance equation:
where V , is the storage of the reservoir of the ith hydropower plant in the tth period, m 3 ; I , is the inflow of the reservoir of the ith hydropower plant in the tth period, m /s.
where N , is the output of the ith hydropower plant in the tth period, kW; NX , is the installed capacity of the ith hydropower plant in the tth period exclude the units ruined, kW; PL , is the firm capacity of the ith hydropower plant in the tth period, kW; PU , is the maximum power capacity limit of the ith hydropower plant in the tth period, kW.
(5) Navigation water level limits:
where D , is the water level of the ith hydropower plant during the tth period at the downstream from a particular point, m; DL , is the minimum water level limitation for navigation of the ith hydropower plant during the tth period at the downstream from a particular point, m.
(6) Boundary conditions limit:
where Z , is the water level of the reservoir of the ith hydropower plant at the first period, m; Z , is the water level of the reservoir of the ith hydropower plant at the last time step, m.
The optimization of the joint operation of the cascade complex features multiple dimensions and multiple stages. To deal with multi-dimensional dynamic programming, some algorithms are available such as Discrete Differential Dynamic Programming, Successive Approximation Approach, Genetic Algorithm, and Progressive Optimality Algorithm (POA) [12] . The simplex method is one of the best known algorithms for multi-dimensional constrained optimization [13, 14] . Dividing a multi-stage problem into several two-stage problems, POA has been proved to be effective optimization approach, particularly in multi-reservoir systems [15] [16] [17] . Therefore, POA is selected in this study to solve the proposed model. The detailed description of Progressive Optimality Algorithm can be found in the prior literature [16, 17] .
Sensitivity Analysis
Sensitivity analysis is conducted to provide quantitative evidence of how power outputs are sensitive to various influencing factors. Various simulation solutions were compared by changing the boundary constraints corresponding to the influencing factors. Based on these simulation solutions, potential hydropower output is calculated and subsequently compared with outputs achieved under actual constraints. As a result, the extent to which the power outputs can be affected by influencing factors will be determined.
There are a number of complicated factors that affect operation efficiency of the cascade complex. Some of these factors even interact. These factors can be generally placed in the following groups: hydrometeorology conditions, reservoir comprehensive targets, and ecological requirements. Each group consists of a number of factors. The hydrometeorology conditions mainly include the hydrological forecast quality. The reservoir comprehensive targets mainly include flood control, navigation and water supply. This study focuses on three factors, i.e., hydrological forecast quality, flood control and navigation.
Impact of Hydrological Forecast Quality
The hydrological forecast quality can be measured by forecast accuracy and forecast time. The forecast time is usually based on daily or hourly units. Daily forecast is adopted in this study. By simulating run-off series with different levels of forecast accuracy, theoretical power outputs under different accuracy conditions were calculated. Then, the results are compared with those under actual forecast accuracy in order to determine the potential increase in power output. Similarly, analysis of quantitative impacts of forecast time on the power generation is undertaken by calculating potential hydropower outputs under different forecast times. A deterministic coefficient, DC, is adopted in this study to measure the forecast accuracy [18] . Its definition is given below:
where t is time interval; n is total number of time intervals in the calculating period; Q is the average flow of actual runoff, m 3 /s; Q is the forecasted runoff (m 3 /s); Q is actual runoff (m 3 /s). There are many methods of simulating runoff forecast. The method proposed in this study is to simulate runoff series under the given accuracy (measured by deterministic coefficient) according to the actual runoff. The calculation is performed as detailed below:
where Q is the forecasted runoff, m 3 /s; DC is the deterministic coefficient of simulation of runoff forecast corresponding to the given accuracy; DC is the deterministic coefficient of actual runoff forecast; k is the proportionality coefficient of runoff forecast deviation.
POA is adopted to simulate reservoir optimal operation process and to calculate Potential Hydropower Output under various simulated forecast quality scenarios along with the actual forecast quality.
Impact of Flood Control
Flood control operation influences power generation mainly through setting constraints such as flood control level, commence date of flood season and commencement date of impounding. This study focuses on the analysis of flood control level, the constraint that has most significant effect on power generation. The different reservoir water level limits were selected during the flood season to simulate the Potential Hydropower Output. The risk analysis due to the increase of flood control level has been reported in prior studies [19, 20] . Therefore, this study mainly focuses on sensitivity analysis of different flood control levels rather than the risk analysis.
Impact of Navigation
Navigation can affect power benefits by adjusting the downstream minimum navigation water level (or minimum navigation discharge) and the water level fluctuation. In the Three Gorges and Gezhouba cascade complex, the Gezhouba plant is a counter regulation reservoir, therefore the constraining effect of water level fluctuation is almost negligible. As a result, this study focuses on the constraining effect of the minimum navigation water level at downstream of the Gezhouba plant (i.e., at Miaozui, 1 km downstream of Gezhouba Dam). In Equation (7), DL , is used to simulate the navigation water level in order to obtain corresponding potential hydropower output.
Results and Discussion

Integrated Evaluation of Power Generation Benefits for Joint Operation of the Three Gorges and Gezhouba Cascade Complex
The precise simulation-optimization is carried out based on the joint operation from 2004 to 2010 under certain conditions, and the constraints stipulated by design operation rules during different periods (see Table 2 ). As shown in Table 2 , the annual potential increasing percentages between 2004 and 2010 were around or less than 10% of the simulated maximum power output. This indicated that the actual joint operation of the cascade complex has exploited more than 90% of the theoretical maximum power output. The maximum theoretical power output was obtained in the simulation-optimization model under known inflow conditions. Therefore, it can be regarded as the upper limit of power generation that the cascade complex can achieve in reality. This result shows that the current operation efficiency has already reached a considerably high level. Under the existing operation rules, the Three Gorge and Gezhouba cascade complex still has some limited room to increase its power generating efficiency. In addition, as shown in Table 2 , simulated power outputs of the cascade complex are greater than the actual power outputs. The surpluses in simulated power outputs of the cascade complex are mainly a contribution of the Three Gorges hydropower plant whereas simulated power outputs of the Gezhouba hydropower plant by itself are less than its actual power outputs. This indicates it is more effective to fully utilize the Three Gorges hydropower plant's capacity than that of Gezhouba to achieve additional benefits from the cascade complex as an entire system. This suggested that the different scale of hydropower plants may play different roles in achieving the power generation benefits during the joint operation of the cascade complex. 
Analysis of Influencing Factors
Impact of Hydrological Forecast Quality
According to the forecast data provided by the Three Gorges Cascade Control Centre of the China Three Gorges Corporation, the longest forecast time is 7 days at the moment, although the forecast with 4-day lead time is most reliable. Forecast accuracy (DC values) of the original inflow process for the Three Gorges Reservoir from 2004 to 2010 is simulated (see Table 3 ). As shown in Table 3 , the forecast accuracy is correlated with the forecast time. The forecast accuracy for 1-day and 2-day can be above 90%, while the accuracy levels for 3-day and 4-day drop to around 85% and 81%, respectively. This shows there is room for improvement in terms of forecast quality, especially in the forecast accuracy for a longer forecast time. The simulated power generation for different forecast periods and different forecast accuracies in 2009 is calculated as per rolling optimal operation model (see Table 4 ). As shown in Table 4 , the power output increases with the improvement of forecast accuracy and the expansion of forecast time. If the forecast accuracy with 4-day lead time reaches 95%, the power generation can be increased by more than 2%. The relationships between forecast accuracy, forecast time, and power generation are illustrated in Figure 3 . Table 5 . Table 5 indicates that the power output increases significantly by raising the flood control level. Further analysis confirms that, compared to the actual operation, the degree of increasing power output is closely associated with the inflow during the flood season. The increasing percentages of power generation differ according to hydrological conditions. Increasing percentages of power generation related to the rise of flood control level are higher in dry years than those in wet years. This indicated that the rise of flood control level is more effective in dry years that in wet years in terms of achieving higher power outputs. Table 6 . The data show that lowering the minimum navigation water level during dry season has a comparatively minor impact on the power generation. In addition, the level of impact varies from year to year. Power generation in the dry season of the hydrological years 2008-2009 can be increased by as little as 0.24% by lowering the navigation water level. Furthermore, the power output will not increase once the water level reached Elev. 38.8 m. The impact of lowering the minimum navigation water level during the dry season of the hydrological years 2009-2010 is relatively larger. However, the maximum increase in power generation under these conditions is still only up to 2.03%, which is not significant. Further analysis indicates that this impact is closely related to inflow conditions. In general, the impact of navigation water level on power output is more significant in dry years that that in wet years. We further analyzed the number of days that inflows were less than the threshold value during dry seasons between 2004 and 2010. It is found that the inflow was at the lowest level recorded during the dry season of the hydrological years 2009-2010. As shown in Figure 3 , lowering the downstream water level can significantly increase power output. However, there are very few of days with inflow of less than 5500 m 3 /s in normal years. Therefore, lowering the navigation water level actually has little impact on power generation. This finding suggests that the existing regulation rules on the downstream navigation water level are reasonable. 
Conclusions
Power generation is one of critical functions provided by hydropower developments. The cascade complex presents a significant challenge for effective power generation due to its complex nature. This research proposed an improved methodology for the post-evaluation of the effectiveness of power generation in cascade hydropower developments. A new concept, Potential Hydropower Output is proposed to assist the post-evaluation. Based on the first hand data of the joint operation of the Three Georges and Gezhouba cascade complex between 2004 and 2010, we critically analyzed the power generation efficiency of the two hydropower plants separately and for the entire cascade complex. The optimization modeling process considered a number of constraints such as the navigation water level limits, apart from traditional constraints such as downstream reservoir limits, power generation limits, and boundary conditions limit. The results showed that the efficiency of current joint operation of the Three Georges and Gezhouba cascade complex has already reached a considerably high level, with little room left for further improvement under the existing regulation rules. It is interesting to note the full utilization of the Three Georges power plant's capacity can increase the overall power output of the cascade complex. This is a useful finding as the role of different scale of hydropower plants play in effective power generation of the cascade developments could be taken into consideration in future endeavors. In addition, the accuracy of hydrological forecasts and flood control levels have significant impacts on power outputs, whereas the impact of downstream minimum navigation water level of the Gezhouba hydropower plant under existing regulation rules is minimal. Further research opportunities exist to refine evaluation index system and optimization model, to establish evaluation standards and to analyze impacts of optimization algorithm on evaluation results.
